The small molecule drug 5-fluorouracil (5-FU) is widely used in the treatment for gastric cancer (GC), however, it exerts poor efficacy and is associated with acquired and intrinsic resistance. Focal adhesion kinase (FAK), a non-receptor tyrosine kinase, plays a key role in adhesion, migration, and proliferation of gastric carcinoma cells, suggesting that this kinase may be a promising therapeutic target. Differentially expressed FAK in GC tissue was detected by RT-qPCR and TCGA database analysis. To investigate the biological functions of FAK, loss-of-function experiments were performed. CCK-8 assay, colony formation assay, flow cytometry, dual-luciferase reporter assays, and western blot assays were conducted to determine the underlying mechanisms of FAK in 5-FU chemosensitivity in GC. FAK is overexpressed in GC patients, and positively correlated with poor prognosis. The use of shRNA interference to target FAK decreased proliferation and increased apoptosis of GC cells in vitro. Importantly, FAK silencing enhanced the therapeutic efficacy of 5-FU, leading to reduced tumor growth in vivo. We further demonstrated that FAK silencing increased 5-FU-induced caspase-3 activity, and promoted p53 transcriptional activities. Clinical data also has shown that patients with higher levels of FAK had significantly shorter overall survival (OS) and time to first progression (FP) than those with lower levels of FAK. These findings indicate that FAK plays a critical role in 5-FU chemosensitivity in GC, and the use of FAK inhibitors as an adjunct to 5-FU might be an effective strategy for patients who undergo chemotherapy.
Introduction
Gastric carcinoma (GC) is the fifth most common malignancy and third leading cause of cancer-related death [1] . Surgical excision and systemic chemotherapy are the primary treatment options for metastatic gastric carcinoma [2] [3] [4] . Although the chemotherapeutant 5-fluorouracil (5-FU) is largely used for medical treatment of gastric carcinoma, it exerts chemoresistance, leading to the failure of chemotherapy [5] . Therefore, it is important to identify molecular markers and study the signal pathways that modulate gastric carcinoma chemoresistance. Aggressive growth of tumor cells is a complex multiple-step process. Migration, invasion, and metastasis are important features of malignant tumors. Tumor cells must adhere to the extracellular matrix (ECM) and subsequently undergo migration. In recent years, investigators have investigated the modulating effects of cell-ECM interactions on the chemosensitivity of anti-cancer drugs [6] [7] [8] . Focal adhesion kinase (FAK) is a cytoplasmic non-receptor tyrosine kinase that regulates cell-cell and cell-ECM signal transduction. In response to mechanical stimulation, FAK is phosphorylated [9] [10] [11] on a catalytic loop [12] , and the active form of FAK catalyzes subsequent downstream signaling [11, [13] [14] [15] . FAK is overexpressed in several cancers, including breast, oral, colon, gastric, and ovarian cancer. FAK plays an important role in tumor proliferation, migration, invasion, survival, and apoptosis [16] [17] [18] , and also modulates cell and ECM adhesion, as well as cytoskeleton recombination. The ECM-integrin-cytoskeleton complex is the basic structure of integrated signal transduction [19] . FAK regulates cell adhesion and inhibits apoptosis through a variety of signaling pathways, all of which affect the sensitivity of chemotherapy. FAK might be a key factor that mediates tumor chemoresistance in gastric cancer, making it a promising therapeutic target.
In this study, we investigated the potential roles of FAK in 5-FU chemosensitivity in gastric carcinoma. We used q-PCR assay to determine that FAK was overexpressed in gastric cancer patients and the levels of overexpression correlated with poor prognosis. We found that FAK inhibition suppressed the growth of gastric cancer cells, reduced xenograft tumor growth in a nude mouse model, and enhanced the therapeutic efficacy of 5-FU in the mouse model. Mechanistically, we demonstrated that inhibition of FAK enhanced apoptosis, increased 5-FU-induced caspase-3 activity, and promoted p53 transcriptional activities. The expression levels of p53 target gene p21, Bax, and PUMA were increased. These findings showed that FAK plays a critical role in 5-FU chemosensitivity in gastric carcinoma, and suggests an effective strategy for patients who undergo chemotherapy.
Materials and methods

RNA interference
Recombinant vectors expressing small hairpin RNA (shRNA) against human FAK (Gene ID: 37233) were constructed by inserting chemically-synthesized double-strand DNA fragments containing FAK-targeting shRNA sequences (control 5 0 -shRNA GTC TCCGAACGTGTCACGT-3 0 ); FAK shRNA-1: 5 0 -GAACCTCGCAGT CATTT-3 0 ; FAK shRNA-2: 5 0 -GGAATGCTTCAAGTGTGCT-3 0 ) intoplasmid pLentiLox3.7-nero at the HapI and XhoI sites, generating the following plasmids: control shRNA, FAK shRNA-1 and FAK shRNA-2. Recombinant lentiviral plasmids were cotransfected into 293 T cells with the packaging plasmids VSV-G, RSV-REV, and pMDL. After 48 h the viral supernatants were passed through 0.45-lm filters and then used to infect target cells in the presence of 6 lg/mL polybrene (Sigma-Aldrich).
Cell culture, transfection, and treatment
Human gastric cancer BGC823 and SGC7901 cells were purchased from ATCC (Manassas, VA, USA) and cultured in RPMI-1640 (Gibco, Life Technologies, NY, USA) supplemented with 10% fetal bovine serum (FBS, ExCell Bio, Shanghai, China), 100 U/ml penicillin and 100 mg/mL streptomycin (Gibco). Plasmid DNA transfection was performed with Turbofect reagent (Invitrogen, CA, USA) according to the manufacturer's instructions. 5-FU was purchased from Sigma and was added to subconfluent cells at the indicated doses.
Real-time quantitative PCR (qPCR)
For qPCR analyses of mRNA, reverse transcription was performed with TRIzol (Invitrogen, Carlsbad, CA, USA) extracted total RNAs using a ReverTra Ace-a Kit as per the manufacturer's instruction (Toyobo, Tokyo, Japan 
Cell counting kit-8 (CCK-8) assay
Relative cell viability of BGC823 cells and SGC7901 transfected with control shRNA, FAK shRNA-1 or untreated was measured with a CCK-8 kit (Dojindo, Kumamoto, Japan). Briefly, cells were plated into 96-well plates containing 100 lL of growth medium. Posttransfection for 72 h, CCK-8 reagent (10 mL/well) was added and incubated for 3 h at 37°C in a 5% CO 2 incubator. The absorbance was measured at 450 nm using a microplate reader. The cell viability was calculated as follows: relative cell viability % = [(A1 À AB)/ (A0 À AB)] Â 100, where A1 is the absorbance of treatment group, A0 is the absorbance of control group and AB is the absorbance of the blank group.
Colony formation assay
Cells were first infected with control shRNA, FAK shRNA-1, FAK shRNA-2, or untreated for 72 h, then 1 Â 10 3 cells/well were seeded in 6-well plates with medium changed every two days. Cells were fixed with methanol and stained with crystal violet after 10 days. Colonies were counted and analyzed for clonogenicity.
Tumor-bearing mice model
Four-to six-week-old male nude mice were obtained from the Laboratory Animal Center of Xiamen University. The animals were maintained on standard laboratory chow under a 12 h/12 h light/-dark schedule, unless otherwise indicated. All animal experiments were conducted according to protocols and guidelines approved by the Xiamen University Institutional Animal Care and Use Committee. Mice were divided into three groups, five mice each group, randomly. Mice were subcutaneously injected with 5 Â 10 6 untransfected BGC823, FAK control shRNA BGC823 and FAK shRNA-1 stable knockdown BGC823 cells. Intratumoral administration of a dose of 10 mg/kg of 5-FU was injected every 3 days starting from the fifteenth day after inoculation of cells. The xenograft tumors of mice were monitored every 4 days with Vernier calipers. The size was calculated as follows:
where a is the minimum diameter, b is the maximum diameter. Mice were sacrificed 30 days later.
Western blots
Cells or tissues were lysed in a lysis buffer and protein concentrations for cells or tissues lysates were measured using the BCA protein assay kit (Thermo Fisher Scientific Inc., Waltham, MA, U.S) or G250 (Sigma-Aldrich, St. Louis, MO, USA). Thirty micrograms protein/lane whole cell lysates were electrophoresed in SDS-PAGE and transferred to a PVDF membrane (Millipore, Billerica, MA, USA). After blocking for 1 h at room temperature in TBST with 5% non-fat milk, the membranes were probed with the following primary antibodies: FAK (1:2000 CST), p-FAK (1:500 CST), Cle -PARP (1:1000 CST), actin (1:5000 Sigma). After washing three times, the membranes were incubated with HRP-conjugated goat anti-mouse or anti-rabbit secondary antibodies, 1:5000 (BD). Then, the chemiluminescence reaction was performed.
Annexin V-FITC/PI double staining assay by flow cytometry
Apoptosis was measured using Annexin V-FITC/PI (Ebioscience, San Diego, USA) dual staining by flow cytometry. Briefly, cells (1 Â 10 5 /well) were seeded into 6-well plates and infected with lentivirus mediated FAK shRNA-1 or sh-ctrl with or without for monitoring transfection efficiency. The cells were collected, and luciferase activity was measured at 24 h after transfection. All transfections experiments were performed at least five times in triplicate, and the error bars represented SD of the means.
TCGA analysis
We used mRNA expression array datasets from TCGA to explore gene expression profiles in human cancer. We downloaded data from 375 tumor tissues and 32 normal tissues of mRNA expression data to determine differences in transcription levels of FAK between normal gastric tissues and GC tissues. The data regarding mRNA expression were produced on the platforms of Illumina Infinium Human Methylation450 BeadChip and IlluminaGA_RNASeqV2.1.0.0 (Illumina, Inc., San Diego, CA, USA).
Survival analysis
Overall survival (OS) and first progression (FP) curves were calculated with the Kaplan-Meier method to evaluate the prognostic value of FAK1 mRNA expression in GC (Gastric Cancer). A total of 876 GC patients were recruited from the Kaplan-Meier Plotter online database. Subjects were divided into two groups by median expression (high vs. low expression) and assessed by a KaplanMeier survival plots, with the hazard ratio (HR) with 95% confidence intervals (CI) and logrank P value calculated as in previous reports [20, 21] .
Clinical samples
All clinical samples were collected with the informed consent of the patients and study protocols that were in accordance with the ethical guidelines of the Declaration of Helsinki (1975) and were approved by the Institutional Medical Ethics Committee of Xiamen University. GC pathological diagnosis was verified by at least two specific pathologists. 40 human GC specimens and paired adjacent epithelial tissues were obtained from the Shanghai Outdo Biotech Co., Ltd. 
Statistical analysis
Values represent the mean ± standard deviation (SD) of at least three independent experiments. One-way ANOVA with Bonferroni's post-test was used for multiple comparisons and the Student's t test (two-tailed) was used for pair-wise comparisons. Correlation analyses were performed with Pearson's test. p values <0.05 were considered statistically significant.
Results
FAK is significantly upregulated in human gastric cancer clinical samples
To explore the function and relationship between the expression of FAK and gastric carcinogenesis, we performed qPCR on 20 pairs of clinical samples. As shown in Fig. 1A-B , in 60%-70% of the human gastric cancer (GC) tissues, FAK was significantly upregulated compared to the levels in normal tissues (13 out of 20). We then used the TCGA cancer microarray mRNA database to identify the FAK expression levels in gastric cancer. The results showed that the FAK gene was significantly more highly expressed in gastric cancer (Fig. 1C) . Immunohistochemical analysis showed that FAK was diffusely expressed in the cytoplasm. FAK was expressed in 28/40 (70%) of GC tissues, with expression levels that were higher in GC than in adjacent noncancerous gastric tissues (Fig. 1D) . The relative expression levels of FAK in the GC tissue group and the corresponding pathologically noncancerous gastric tissue group (Control group) were evaluated. We observed a statistically significant increase in FAK expression in the GC group compared with the level in the control group (Fig. 1E) . Further analysis in Table 1 showed that FAK level was correlated to tumor-node-metastasis TNM staging (n = 40, p < 0.05), while no apparent association was found between FAK expression with patient gender, patient age, tumor size. The detailed description of the patient information is shown in Table 2 (Age, Tumor size, Clinical staging, ect.). 
FAK is a prognostic marker for survival of patients with gastric cancer
Because FAK was significantly upregulated in GC clinical samples, we asked whether the FAK gene could serve as a prognostic marker in GC patients. Therefore, overall survival (OS) and first progression (FP) curves were plotted using the Kaplan-Meier method based on the gene expression level in 882 GC samples. Patients with higher levels of FAK1 had significantly shorter OS ( ) than those with lower levels of FAK. A similar result was also found in survival analysis according to gene expression levels in 153 GC patient samples treated with 5-FU (Fig. 2C-D) . These results showed that FAK is closely related to the prognosis of the patient with gastric cancer.
Knockdown of FAK suppressed BGC823 cell proliferation
To evaluate the effects of FAK on gastric carcinogenesis, we used a lentivirus construct to knock down FAK and performed transfection studies in BGC823 gastric cancer cells with two plasmids, FAK shRNA-1 and FAK shRNA-2. After 72 h transfection, we measured mRNA and protein levels of FAK. As shown in Fig. 3A -C, compared to the control shRNA group, FAK mRNA expression was reduced by 73.4% and 62%, respectively (p < 0.001, p < 0.01), and protein level was reduced by 62.4% and 49.2%, respectively (p < 0.01, p < 0.05) in To evaluate the effects of inhibition of FAK on BGC823 cells, CCK-8 assay was next used to examine the relative amount of cell proliferation after FAK knockdown. As shown in Fig. 3D , FAK knockdown significantly inhibited proliferation of BGC823 cells by 60% compared to the control group. Consistently, colony formation assay, as shown in Fig. 3E-F , indicated that the rate of proliferation of shRNA-FAK cells was reduced relative to that of shRNA-Ctrl cells (p < 0.05, vs control group). Taken together, these results demonstrated that inhibition of FAK significantly inhibited the proliferation BGC823 cells and enhanced oncogenic transformation. Because the FAK shRNA-1 has a more dramatic effect compared to shRNA-2, we selected shRNA-1 (named FAK shRNA) for subsequent experiments. Consistent results were obtained in analysis of SGC7901, another gastric cancer cell line (Supplementary Fig. 1 ).
FAK silencing enhanced 5-FU chemosensitivity in BGC823 cells
We next performed Annexin V-FITC assay to investigate the effect of FAK on 5-FU-induced BGC823 apoptosis. The flow cytometry results showed a significant increase in 5-FU-induced apoptosis compared with control cells. We found 5-FU treatment alone caused a 31.9% apoptotic rate, but the percentage of apoptotic cells induced by 5-FU increased to 56% after FAK silencing (Fig. 4A-B) . The results suggest that FAK silencing enhanced 5-FU chemosensitivity in vitro. Consistently, the western blot results showed that FAK inhibition enhanced 5-FU-induced BGC823 apoptosis (Fig. 4C) . In summary, these data demonstrated that FAK silencing enhanced 5-FU chemosensitivity.
Downregulation of FAK enhanced p53 activation after treatment of 5-FU
As shown in Fig. 5A , we examined the proliferation of control group cells and FAK-shRNA group cells after 5-FU treatment for 24 h. Compared with control groups, FAK-shRNA groups showed decreased proliferation and enhanced caspase-3 activity (Fig. 5A-B) .
Because knockdown of FAK increased 5-FU-induced apoptosis, we next examined the p53 signaling pathway since it is related to apoptosis. We performed luciferase reporter assays, and found that 5-FU stimulation after knockdown of FAK increased activation of several p53-target genes, including p53 RE, p21, and Bax (Fig. 5C) . We also detected mRNA expression levels of p53-target genes, including Bax, p21, and PUMA. The results demonstrate that FAK-shRNA groups showed much stronger p53 transcriptional activities than control groups, both in the absence and presence of 5-FU (Fig. 5D) . Overall, these results demonstrated that inhibition of FAK enhanced 5-FU-induced p53 activation and promoted the ability of 5-FU to inhibit gastric cancer proliferation.
FAK inhibition suppressed xenograft tumor growth in nude mice
To examine the effects of FAK in gastric cancer development in vivo, xenograft tumors were induced in 6-7 weeks nude mice by a single injection of BGC823-untreated cells, BGC823-control cells, or BGC823-FAK-shRNA cells at a dosage of 5 Â 10 6 . A significant amelioration in tumor size was observed in the FAK-shRNA transfected group compared to the blank control group or the control shRNA transfected group over 16 days (p < 0.01) (Fig. 6A) . At day 30, mice were sacrificed and the xenograft tumors were removed and weighed. The average tumor weight for mice injected with the cells in which FAK was inhibited was 31% lower than the tumor weight of the control group (p < 0.01). The volume inhibition rate of the FAK inhibition group was 63% and the weight inhibition was 51% compared with the control group (Fig. 6B-C, E) . These results showed that inhibition of FAK decreased tumor cell growth dramatically.
Because FAK regulated cell proliferation and tumor development, we investigated the potential signaling pathway of FAK might affect tumorigenesis. Then, we performed western blot assays to examine the apoptosis signaling pathways to further explore the underlying molecular mechanisms. We found that FAK inhibition markedly suppressed protein levels of phosphorylated FAK, but Cle-PARP was significantly upregulated (Fig. 6D) . These data revealed that FAK inhibition decreased gastric cancer tumorigenesis and progression. (Fig. 7A) . We observed that 5-FU treatment inhibited tumor development. With FAK silencing, the tumor growth inhibition was more substantial, with a significant decrease in tumor volume and weight compared with the control cells. The tumor volume inhibition was increased from 58% to 69% and the weight inhibition rate was increased from 52% to 70% (Fig. 7B-C, E) . We also found that FAK inhibition markedly suppressed protein levels of phosphorylated FAK. Compared with 5-FU non-treatment group, Cle-PARP of treatment group was significantly upregulated (Fig. 6D) . These results demonstrated that FAK silencing enhanced the chemosensitivity to 5-FU in vivo.
Discussion
Gastric carcinoma (GC) is one of the most common malignant tumors. The morbidity and mortality of GC have exhibited an increasing tendency in recent years. Chemotherapy is a major method used to treat GC [22] [23] [24] , and 5-FU is commonly used in clinical treatment, where it causes cell death by interfering with nucleoside metabolism, DNA synthesis, and RNA dysfunction [25] . Chemoresistance is a common phenomenon and is an important factor affecting therapeutic efficacy and prognosis in cancer therapy [26] . Drug resistance of tumor cells alters the microenvironment and decreases the effects of toxic components, leading to decreased DNA repair activity and apoptosis [27, 28] .
FAK is a multi-function non-receptor tyrosine kinase that plays a vital role in cell-cell and cell-ECM adhesion. FAK participates in cell cycle regulation, survival, proliferation, apoptosis, migration, invasion, metastasis, and other processes [16] [17] [18] 29, 30] . Importantly, FAK is closely associated with the development of tumors in several cancers, and recent studies reported significantly increased FAK expression levels in colon, liver, lung, gastric, breast, and ovarian cancer [19, [31] [32] [33] [34] [35] . Therefore, targeting FAK expression may be an effective therapeutic option.
In this study, we found that inhibition of FAK expression enhanced 5-FU chemosensitivity in GC. We used RNA interference to knock down FAK in gastric carcinoma BGC823 and SGC7901 cells and determined the biological changes. We found that FAK shRNA downregulated mRNA and protein expression of FAK and led to decreased cell proliferation of gastric cancer cells based on CCK-8 and colony formation assays. We also observed that FAK RNA interference reduced xenograft tumor growth in a nude mouse model. Additionally, the inhibition of FAK in BGC823 cells enhanced the therapeutic efficacy of 5-FU. Taken together, these results indicated that FAK attenuated gastric cancer cell proliferation, slowed the development of tumors, and, critically, improved the sensitivity of 5-FU treatment. FAK inhibition also increased 5-FU-induced caspase-3 activity and promoted p53 transcriptional activities. Most of our experiments were performed in BGC823 cells, and there may be some limitations of our conclusions, so these results will need to be verified in future experiments. The clinical data presented in Table 1 showed that FAK level was correlated to TNM staging lymph and node status, while no apparent association was found between FAK expression and patient gender, patient age, or tumor size. These data showed that the FAK gene may play an important role in GC development. At the same time, database analysis revealed that patients with higher levels of FAK had a significantly shorter overall survival (OS) and poor time to first progression (FP) than did those with lower levels of FAK in the absence or presence of 5-FU. High FAK expression promotes tumor recurrence and reduces patient survival, which suggested that FAK may be a prognostic marker of survival of patients with gastric cancer and used as a potential target for tumor treatment in the gastric cancers. Many early studies showed FAK contains multiple phosphorylation sites, including tyrosine, lysine, and serine residues, and together with proteins that contain SH2 and SH3 domains, FAK participates in biological processes through integrin, BRAF/MEK/ERK, Src/FAK, SFK-FAK/CSF-1R, FAK-ROCK/RhoA, FAK/ PI3K/Akt, and other pathways [36] [37] [38] [39] [40] . Although our results demonstrated that p53 signaling pathways may be involved in the FAK-mediated mechanisms of gastric cancer development, whether FAK affects other signaling pathways to regulate gastric cancer progression is an important issue that requires further study.
Conclusion
Inhibition of FAK increased 5-FU chemoresistance and promoted apoptosis by inhibiting the p53 signaling pathway in gastric carcinoma. Our results suggest an alternative mechanism for 5-FU in gastric carcinoma and suggest that FAK silencing may serve as an effective strategy for patients undergoing chemotherapy.
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